Improving properties of polymeric and non-polymeric fibers, for example mechanical, dimensional stability, thermal degradation, and etc. with understanding a recent theoretical investigation on the solid mechanism of single crystal growth leads to obtain fiber-based products with unusual characteristics. Similarly, high performance fibers are important engineering products and widely used due to their outstanding mechanical property along with dimensional stability. They have found extensive use as fiber reinforcement and can be utilized in many applications such as cords, ropes, performance fabrics, electronic packaging, sports equipment and fiber optics (Hearle, 2001; Kerr, Chawla and Chawla, 2005) . It is well known that the highest tenacity and elastic moduli reported for such fibers are still much lower than their theoretical values. An extensive open gap between theoretical values and practical results encourage scientists to work and improve the mechanical properties. On the other hand, due to their nonconventional chemistry and instrumentation, many researches have been concentrated on reducing its production costs. Additionally, there is no single fiber chemistry that can withstand all sort of end-use conditions. The objective of this review paper is to provide a critical and constructive analysis on current state of art high performance fiber production and modification techniques. Current problems and novel solutions were emphasized separately.
Introduction
Understanding the relation between properties and performances of different high-tech and highperformance fibers to enhance the mechanical property with dimensional stability of structural morphology has been the subject of many research projects during the past few decades. The use of polymers in different fields continues at a dizzying speed (Avci, Guzel, Erol and Akpek, 2018; Calisir, Erol, Kilic and Avci, 2016) .
Usually, crystal moduli are determined in the parallel direction, to the polymer chain axis via X-ray diffraction. The theoretical modulus of polypropylene is 35-42 GPa when measured by the X-ray technique with the theoretical strength of 3.9 GPa which is much higher as compared to the maximum tenacity and modulus achieved through any of the existing research laboratory and industrial process (Mukhopadhyay et al., 2004) . However, there are some exceptions such as the tensile moduli of highly drawn fibers produced from ultrahigh molecular weight polyethylene (UHMW PE). After the discovery of the Ziegler-Natta catalysts in the 1950s, the linear polyethylene and stereoregular polypropylene became the important industrial polymers. Kevlar also showed the moduli close to the theoretical values (Porter and Wang, 1995; Mazraeh-Shahi and Mojtahedi, 2010) . Figure 1 demonstrates that most of the polymers, including those with rigid backbone chains, have much lower tensile moduli of those crystalline lattices in the chain direction. (Porter and Wang, 1995) .
In addition to the high-performance polymeric fibers, high performance inorganic fibers are produced by inorganic chemical compounds, such as carbon, silicon, boron and etc., usually after treatment at high temperature. They demonstrate the outstanding features of ultra-high tensile strength and modulus with their resistance to extreme heat and cold in addition to the utilization of several chemical agents, which can degrade polymeric fibers. Therefore, high performance inorganic fibers hold promises not only as a means to compensate for technical applications, but also as a means to improve the standard of material requirements for extreme applications, such as race cars, airplanes' parts, sports equipment for extreme conditions (extreme cold and heat, corrosive environments, bacterial attacks, etc.), and protective clothing.
Historical remarks
High performance fibers have been an important industrial constituent for many different applications. They have been developed to find an extensive use in the markets as reinforcement fibers and in application where high performances are needed such as cords, ropes, fabrics, load tendons for giant scientific balloons, adhesives and sealants, electronic packaging, sports equipment and fiber optics (Hearle, 2001; Kerr et al., 2005) . Table 1 shows some important highperformance fibers and their mechanical properties and applications (Kerr et al., 2005) .
High performance fibers are known and defined by their superior characteristics compared to the traditional textile fibers (Figure 3 ). High performance fibers have high modules, high strength to weight ratio, high chemical and high temperature resistance. Table 1 Properties and Applications of High-Performance Fibers (Kerr et al., 2005 (Gupta, 2005) During the first half of the twentieth century nylon, polyester, acetate, etc. fibers were manufactured with outstanding technical properties and then started to be used widely in automobile tires as reinforcement instead of cotton and rayon (Hearle, 2001) . In addition, nylon and polyester fibers have a certain degree of high strength and extension which results a very high energy to break along with good recovery properties. At this point, especially polyester is considered one of the most attractive candidates for high strength fibers that can be used in the ballistic applications and for making highperformance ropes. Structural perfection, such as unfolded, well aligned to the fiber axes, stable, and densely-packed chains and a combination of extended chains with high crystal orientation cause high modulus and strength (Kotek, 2008) .
The second-generation of man-made fibers were produced from rigid and flexible polymers during the last half of the twentieth century. These fibers show high performance and are named as high-modulus, hightenacity (HM-HT) fibers with high thermal and chemical resistance (Hearle, 2001) . Today, superior strength, stiffness and ballistic performance are considering as a defining characteristic of high-performance polymeric fibers. These fibers, in tension, show rate-independent linear elastic materials and they are durable in transverse compression without a noticed loss in their tensile load capacity even if being exposed to a large plastic deformation (Grujicic, Bell, Arakere, He, Xie, and Cheeseman, 2010) . This behavior is a quite different compared to carbon and glass fibers. Kevlar, M5, and PBO have intrinsically rigid chain polymers, but ultrahigh molecular weight polyethylene has a flexible polymer chain.
Chemical Structures of High-Performance Fibers

Aromatic Polyamides
Aromatic polyamides or Aramid polymers are including both m-aramid and p-aramid polymers. m-aramid means that meta-aramid is linked to meta-positions of the phenylene ring, and p-aramid means that paraaramid is linked to para-positions of the phenylene ring as shown in Figure 4 . 
Kevlar®
Kevlar® one of the most known fiber from the aramid family, it is based on poly (p-phenyleneterephthalamide) (PPTT) polymer. Figure 5 represents the chemical structure of Kevlar® fiber (Gupta, 2005) . Figure 6 shows the monomers and polymerization process that are used to prepare PPTA or Kevlar®. (Holmes, Rice and Snyder, 2006) .
Figure 7. Hydrogen Bonding Between Kevlar Chains in
The Crystallite (Penn and Larsen, 1979) .
Eskişehir Osmangazi Üniversitesi Mühendislik ve Mimarlık Fakültesi Dergisi 27(2), 130 -155, 2019 Journal of Engineering and Architecture Faculty of Eskisehir Osmangazi University 27(2), 130-155, 2019 Figure 7 shows the hydrogen bond between the chains of Kevlar fiber within the crystallite. These hydrogen bonds are tying the polymer molecules together which resulting in increasing the tensile strength. Table 2 Properties of Different Grads of Kevlar® Fiber (Gupta, 2005) . 
Nomex®
Nomex® aramid fiber is based on poly-mphenyleneisophthalamide, which was also commercialized by DuPont in 1967 as aramid fiber. Figure 8 display the chemical structure of Nomex® fiber. The difference between Kevlar and Nomex is that the Kevlar® is para-aramid while Nomex® is meta-aramid. This small difference in the structure leads to a significant difference in physical and mechanical properties as shown in Table 3 . For example, in Kevlar, poly (p-phenyleneterephthalamide), the polymer chains are very stiff and rigid because of phenylene rings and the amide groups are linked in para position. But in Nomex® fibers, the phenylene ring and amide group are linked in the meta-position, which lead to an irregular chain conformation and a correspondingly lower tensile modulus (Hearle, 2001; Afshari, Sikkema, Lee and Bogle, 2008) . Table 3 Properties of Different Type of Aramid Fibers (Hearle, 2001 
Aromatic Polyesters
Vectran®
Vectran® belongs to aromatic polyesters class of highperformance fibers. The chemical structure for this polymer is based on co-polyesters as shown in Figure 9 . Mechanical and physical properties of two different types of Vectran® fibers are shown in Table 4 . Figure 9 . Chemical Structure of Repeat Unit for Vectran (Gupta, 2005) . Table 4 Properties of Vectran fiber (Gupta, 2005) . Figure 11 and 12 that Vectran exhibit a very poor UV resistance. (Said, Dingwall, Gupta, Seyam, Mock and Theyson, 2006) .
Properties
Aromatic Heterocyclic Polymers
Heterocyclic polymers are a linear polymer containing a heterocyclic ring, these rings are linked together by one or more covalent bond. Due to this chemical composition, the molecules of these polymers are characterized by high rigidity and form high oriented structure. Different heterocyclic polymers have been developed as shown in Figure 13 . (Chae and Kumar, 2006) .
Zylon®
Poly-p-phenylenebenzobisoxazole (PBO) belong to the family of liquid crystalline polymers that is orient easily into unfolded or extended chain configurations resulting fibers with excellent mechanical properties (strength and modulus). PBO polymer was developed by the U.S. Air Force to replace traditional heavy metals in space and aviation applications due to its lightweight, excellent thermal stability and chemical resistance (Hearle, 2001) . Figure 14 shows the chemical structure of Zylon® fiber. There are two available types of Zylon® fibers, AS (as spun) and HM (high modulus). HM fibers are obtained by post spinning, whereas polymer is treated with heat and drawing. Due to this treatment, HM performance is higher than AS as it can be seen from From Table 6 , it can be noticed that PBO shows the highest ballistic performance among all currently highperformance fibers. Table 6 .
Theoretical Ballistic Performance of Common Fibers (Holmes et al., 2006) .
In Table 6 , (U * ) 1/3 is a normalized velocity that allows the relative comparison of fibers independent of the vest construction parameter (Holmes et al., 2006) . The higher the value of (U * ) 1/3 is, the higher the ballistic resistance of the fiber.
While PBO fibers possess impressive tensile strength and modulus, unfortunately its performance under compression has been disappointing. Many trials have been done in various ways to overcome this drawback. Various methods have been conducted to improve lateral strength of PBO after fiber formation, often by cross-linking. The lack of success in improving compression properties was attributed to the hydrogen bonds being formed intra-rather than inter-molecularly (Hearle, 2001) . the highest modulus among the other high-performance fibers. In addition, Zylon® shows the highest thermal stability among the other fibers as shown in Figure 16 . Figure 15 . Mechanical properties of Zylon® and Other High-Performance Fibers (Hearle, 2001) . Figure 16 . Flame Resistance of Zylon® and Other High-Performance Fibers (Hearle, 2001) . Figure 17 shows the effect UV-Visible light exposure on four different types of high-performance fibers. It is obvious that Zylon® losses a significant amount of its strength in a short period of time. Figure 17 . Strength Loss % in Zylon® and Other High-Performance Fibers Due to UV Exposure (Said et al., 2006) . Figure 18 shows the thermal gravimetric analysis of PBO (Zylon) and PPT (Kevlar) under two different environment condition (nitrogen and air). TGA curves show that PBO (Zylon®) fibers have better thermal resistance than PPT (Kevlar ® ) fibers. It can be noticed that the presence of Oxygen accelerates the degradation process for both fibers PBO and PPT. A vest from PBO fiber was exposed to 50 °C and 60 % RH in an environmental dark room for 85 days and then 60 °C and 36 % RH for an additional 73 days (Cunniff, Auerbach, Vetter and Sikkema, 2002) . PBO yarns were unraveled from the back panel of the vest and were tested to assess their degradability. Reduction of 25 % and 36 % in tensile strength of PBO yarn after 85 and 158 days respectively was observed.
PIPD or 'M5' Rigid-Rod Polymer
A new high-performance fiber, known as M5®, has been developed as a result of research in Akzo-Nobel laboratories and currently produced by Magellan System International. The polymer is poly{2,6diimidazo[4,5-b:4',5'-e] pyridinylene-1,4-(2,5ihydroxy)phenylene} or PIPD. Figure 19a shows the repeat unit of M5® while Figure 19b displays the crystal structure of the M5® fibers. The crystal structure of M5 ® is different from all other high strength fibers. All other high strength fibers have covalent bonding in the main chain direction, but in case of M5 ® , as shown in Figure 19b , there is a hydrogenbond network in the lateral dimensions ("Honeywell Advanced Fibers and Composites", 2019). Figure 20 shows the effect of heat treatment on the crystal structure of PIPD (M5). During heat treatment of PIPD (M5) fiber, the chains orientation is improved and changing in crystal structure is occurred. The heattreated fiber results in forming a bidirectional hydrogen bonded network, which leads to a strong interaction between polymer chains and results in a high shear and compression strength (Afshari, Sikkema, Lee and Bogle, 2008) . As it is shown in Table 7 , M5® has a high compressive strength compare to the other highperformance fibers due to a hydrogen-bond in the lateral dimensions. 
Polyolefin Fibers
Recently, there is a substantial demand for polyolefin fibers which are found a number of applications particularly in our daily lives and in a wide range of technical fields including electrical materials, medical, transportation, geotextile, sports and so on for demonstrating exceptional performance, excellent chemical resistance, reasonable thermal stability with having low production cost.
Polyolefin fibers can be defined as a polymer that is formed of long-chains via chain growth polymerization composed of at least 85% by weight of olefins (alkenes) such as ethylene, propylene, or other olefin units. In fact, the dominant products for polyolefin fibers are especially high-density polyethylene (HDPE) and polypropylene, which the second most important plastic, that are a highly versatile and demanded type for the broad range of the materials is estimated $ 70 and 145 billion in 2019, respectively, in the world market ("Market Study: Polyethylene", 2019)
Ultra-High Molecular Weight Polyethylene (UHMPE) or
High-Performance Polyethylene (HPPE) fibers are high strength, high modulus based on the simple and flexible polyethylene molecules. These fibers are chemically identical to the normal PE with some differences in their chemical structure such as they comprise very long chains, high chain orientation, and high crystallinity as it is shown in Figure 21 .
Figure 21. Macromolecular Orientation of HPPE and
Normal PE (Gupta, 2005) .  Ropes and cordage: The high strength/weigh ratio of HPPE fibers makes it possible to produce heavyduty ropes with very special characteristics, which make these ropes suitable for many fields like industrial applications, marine, offshore and recreational applications ("Dyneema", 2019).
 Medical applications: Orthopedic and spinal medical devices, cardiovascular applications (Reneker and Mazur, 1983) .
 Other applications: cut protection, fishing lines, hurricanes protection (hurricane-resistant storm curtains), etc. (" Dyneema", 2019; Reneker and Mazur 1983) . Table 8 shows the mechanical properties of different types of UHMWPE which are produced by different manufacturers. Table 8 .
Mechanical Properties of Different Types of UHMWPE (Hearle, 2001) .
Materials Density (g/cm 3 ) Denier/filament (dpf) Tenacity (N/tex) Modulus (N/tex) Elongation to break (%)
Honeywell The main drawback in HMPE fiber is the low creep resistance. It has been described by Reneker and Mazur that crystal defects is allowing polyethylene molecules to move pass one another (Reneker and Mazur, 1983 Polypropylene (PP) is another member of the polyolefin class of polymers, which has the second largest sales volume in the world. After the first commercial production of PP in 1957 by using Ziegler-Natta catalysts, the world has seen a tremendous increase in the global market for his new type of polymer due to fact that a relatively low melting point of HDPE (Ugbolue, 2009 ). In general, PP fibers have low cost, exhibit acceptable mechanical properties, high chemical resistance, and moderate thermal stability. In addition, the physical properties of PP can be tailored to meet the requirements with respect to processing and structure. Hence, a large variety of products, such as and not limited to ropes, nets, circular woven bags, many types of tents, different GSM nonwoven fabrics, and reinforcing materials for various composites, medical care and building Molecular design and morphological features are two crucial parameters to achieve the desired properties. Depending on the molecular design, which is associated with changing the average length of the molecular chains, can affect regularity of packing, and the chain stiffness. Linear chains can be highly oriented, which may lead to a yield a higher degree of crystallinity and a unique microstructure. The stereoregular placement of pendant methyl groups in isotactic-PP causes the facile packing and crystallization, however the atactic PP chains with their stereoregular distribution of methyl substituents, cannot pack tightly and crystallize so atactic-PP is an amorphous polymer. Therefore, the polymer properties itself and external process conditions such as molecular weight, extrusion technique and types, polydispersity, temperature and velocity of extrusion, air flow rate, take-up velocity, etc are very crucial in order to obtain high performance fibers. In general, high degree of entanglement for the polymers and high molecular weight with narrow molecular weight distribution are critical factors to (2), 2019 obtain high elongational viscosity and degree of crystallinity with high strength and modulus (Mukhopadhyay, Deopura and Alagirusamy, 2004; Porter and Wang, 1995) .
Spinning conditions are the important parameters to be controlled in order to produce high-tenacity, highmodulus polypropylene fibers. Sheehan and Cole, (1964) have produced high-tenacity PP filaments with the melt spinning technique by using highly isotactic polypropylene resin with rapid quenching using water to obtain undrawn paracrystalline structure. In this case, they have achieved more than fiber performance of 13 g/d after a very high draw ratio of 34x were applied. It is argued that increasing the draw ratio increases the fraction of taut tie molecules that results in an increase in the orientation of the amorphous chains to support fiber tenacity and modulus (Yamada, Kamezawa and Takayanagi, 1981) .
As it is pointed out that drawing process conditions which depend upon polymer molecular weight distribution, molecular weight, morphology, temperature of drawing and strain rate like take-up speed and draw ratio (Mukhopadhyay et al., 2004; Yamada et al., 1981) have a strong influence in increasing the orientation within the amorphous regions and also affect the crystallinity percentage. During the drawing process of a very high draw ratio the spherulite deformation occurs depended on the applied load and this deformation is divided in two main stages. During the first one, lamellar slippage leading to c-axis orientation until obtaining fully oriented structure. Once this point is reached, a new type of deformation mechanism is caused by the additional extension, which called crystal cleavage. At this point any further extension leads separation of lamellae in blocks and the helical chain axis of the noncrystalline molecules become more oriented to evolve into a fibrillar structure (Samuels, 1968) . Any more deformation after this point causes to develop flaws and the fiber breaks. Taylor and Clark (1978) manufactured 'superdrawn' PP filaments in 2-steps, discontinuous process at elevated temperatures. They used polypropylene with averaged molecular weight of 2.77x10 5 with the drawing rates were varied from 10 mm/min to 1 mm/min to obtain a high draw ratio of more than 25x by two-stage of tensile drawing. They concluded the optimum draw temperature of 130 o C at which a linear relationship between the mechanical properties and the draw ratio was observed. The optimum mechanical properties of 216 g/d for the tensile modulus and 9 g/d for tensile strength were achieved with elongation at break of 7.8 %. The presented morphology of the 'superdrawn' fiber was the substantial increase in the amount number of tie molecules at the optimum temperature of 130 o C. Additional tie molecules were formed by unfolding of chains that were important parameters to explain this concept. In addition, sliding displacement of microfibrils is another mechanism to control the fluid flow behavior for drawing ratio. Cansfield, Capaccio and Ward (1976) and De Candia, Romano, Baranov and Prut (1992) have also investigate the drawing of i-PP fibers at high temperature by twostage isothermal drawing process. They concluded there was no any good improvement for the structure while any further drawing after a saturation value, and lower drawing temperatures below 80 o C, do not have any effect to improve the mechanical properties.
Zone drawing with zone annealing is another promising method in which a component with higher temperature is able to localize a part of spun fibers during the drawing process (Mukhopadhyay et al., 2004; Ohta, 1983) . In addition, Kunugi, Ito, Hashimoto and Ooishi, (1983) have studied the zone-annealing method, which consists of two zone drawing stages (1-highly oriented amorphous filament), and zone annealing (2-highly oriented crystalline fibers) as seen in Figure 30 . Sheehan and Cole, 1964) . Sheehan and Cole (1964) manufactured 'super-tenacity' polypropylene filaments by a monofilament spinneret with drawing and annealing processes. Fibers were quenched with air, water bath and/or continuous drawing machine via a heated glycerine bath. Furthermore, a convection oven with a fixed load was used to draw the monofilaments under constant tension. The oven temperature was gradually increased to 130-135 o C, and then the drawing was performed under same tension at elevated temperature to obtain the final drawing ratio. Lastly, the fibers were allowed to cool down to room temperature and then the weight was removed. In this process, the fibers were not annealed. The maximum tenacity was observed at 34x draw ratios Eskişehir Osmangazi Üniversitesi Mühendislik ve Mimarlık Fakültesi Dergisi 27(2), 130 -155, 2019 Journal of Engineering and Architecture Faculty of Eskisehir Osmangazi University 27(2), 2019 which value is 13.1 g/d and the tensile modulus value was 110 g/d.
Another type of attempt is die-drawing that has been explored as means of producing filaments or rods by drawing polymers through a conical die. In this case, researchers have tried to make an alternative technique instead of solvents-based melt spinning and drawing under special conditions to produce high performance materials. Figure 31 explains the principle of diedrawing that the solid polymer is moved by conducting a pulling force at the exit side of the converging die to steady drawing of the polymer through the die at some diameters (Mukhopadhyay et al., 2004; Coates and Ward, 1979) . Ultra-oriented polyolefin rod was achieved with tensile modulus of 20.6 GPa (Coates and Ward, 1979) . The researchers suggested to develop it into a continuous process because of the equipment design is relatively simple when compared to traditional extrusion process. Shaw (1975) has pointed out the die design with using effective external lubricants, which prevented the distortion problems for the products and controlled axial extension rates. Hot nip drawing (Laughner and Harrison 1988) has also the similar working principles to manufacture higher Young's modulus and tensile strength. Almost all these techniques require some special equipment and their production rates are low. Therefore, the most of these methods were not to applied for industrial scale and application. A promising method to decrease production cost and enhance mechanical properties of PET fibers, in the 1990s, (Cuculo, Tucker, Chen and Lundberg, 1993; Cuculo, Tucker, Lundberg, Chen, Wu and Chen, 1998) . investigated a new melt-spinning process with the liquid isothermal bath (LIB) was to manufacture high performance PET fibers After the bath modification, a novel horizontal liquid isothermal bath (hIB) (for the detailed information see the chapter 4.3) has been developed to not use only for laboratory scale work but also in the industry because of the feasibility, less capital equipment and energy sources. Finally, Avci et al. (Avci, Kotek and Yoon, 2013; Avci, Kotek and Toliver, 2015;  Avci, Kotek and Yoon, 2013; Najafi, Avci and Kotek 2015;  Yoon, Avci, Najafi, Nasri, Hudson and Kotek 2017) have developed cost-efficient an environmentally friendly isothermal bath for the production a new type of ultrahigh-performance polyolefin and other thermoplastic fibers at relatively high throughputs. A new and unique high oriented precursor (fa = 0.60) ( Figure 33) , and noncrystallized un-drawn PP fibers were acquired with high mechanical properties. with Figure 32 shows fibrillated break-amorphous orientation and high crystalline factors of 0.87 and 0.95, respectively, which demonstrate after only 1.34 draw ratio an unusual structural development for the treated fibers. Increasing by 9 o C in the second melting peak for the treated fibers was observed by the DSC scan, which indicate the high level of molecular order and stable phase of the thermodynamically. Also, fiber tenacity reached 12 g/d after the hot drawing with drawing ratio of 1.49, while the initial modulus was greater than 150 g/d and the ultimate elongation at break was approximately 20%. The other most common member of polyolefin family is polyethylene. In general, high performance of this fiber is produced by gel spinning method because this polymer is high viscous which limits the utilization of melt spinning production process. In addition to the high degree of entanglement of the molecular chains which decrease the drawing ratio. The detailed information and process conditions for the production of high-performance PE fibers are given in the next section of high-performance fiber production techniques.
Inorganic Fibers
Inorganic fibers might be described as fibers composed of inorganic and organometallic compounds over 99%.
They are not basically made up of polymer precursors, instead ceramic or metallic in nature. Due to that reason conventional textile fiber production systems are generally not suitable for inorganic fiber production.
Comparatively complicated processes such as chemical vapor deposition, modified spinning techniques, and high temperature treatments would be utilized. Due to its fragile nature, inorganic fibers are commonly used in composite materials as reinforcement either in staple or continuous forms. Glass and Carbon fibers are the most used inorganic fibers in composite applications. High thermal stability (over 1000 °C for C fibers) and corrosion resistance are among their other features superior to their organic counterparts. Four of the commercially available inorganic fibers carbon (CF), glass (GF), boron, and SiC fibers, their production methods and properties will be reviewed.
Carbon Fiber
Though being organic in nature, CF is classified as inorganic due to pure sp2 bonded carbon chemistry. The theoretical strength for the single graphite crystal is calculated to be 150 GPa. However practical solutions have not been yet reached to that value, though Hexcel recently announced tensile strength of 8 GPa from the PAN precursors. Inevitable defects at various scales were reported. Those can be 1) Atomic scale vacancies, interstitials and impurities. 2) Unoriented sheets and noncrystalline regions 3) Size of the graphene sheets and 4) Microheterogeneities such as skin-core. CF also exhibit very high modulus (up to 1 TPa), low density (ranged between 1.75 and 2.15 g/cm 3 ) and superior electrical conductivity (10 6 S/m). The very first CF was produced via carbonization of cellulose precursors to be served as lamp filaments. However, it was not until 1960s that their excellent mechanical properties were noticed by industry. Union Carbide issued several patents on the production of high-performance CFs from rayon precursors (Schalamon and Bacon, 1973; Watts, 1968; Cross, Ecker and Stein, 1964) . In 1961 Shindo reported carbonization procedure for polyacylonitrile (PAN), which became dominant system in the market due to high C yield of PAN (around 50%) [A. Shindo in Report of the Government Industrial Research Institute, Osaka, Japan, 1961.] Any polymer having a significant C content might be precursors for C fibers. Studies were reported on conversion of nonheterocyclic aromatic polymers such as polyacrylether, polyamides; heterocyclic high temperature resistance organic polymers such as polyimides, polybenzimidazole and linear thermoplastic polymers such as polyethylene, polypropylene, polyvinyl chloride. However, none of them have reached to the success of PAN and pitch due to low C yield, process economics or poor mechanical properties (Chand, 2000) . Today 90% of CF production comes from PAN based precursors. Polymers for use in developing high-performance carbon fiber should possess high molecular weight (~10 5 ). in addition to optimum molecular weight distribution, and minimum molecular defects (Morris and Weisenberger, 2014) . Even presence of initiator residues from polymerization of PAN is effective on resultant CF properties. Also, comonomer ratio should not exceed 5 mol% since that deteriorates cyclization behavior (Frank, Hermanutz and Buchmeiser, 2012) .
Stabilization is the most time-consuming procedure, where PAN is converted into N-containing ladder-type polymer and becomes thermally stable against decomposition. C content reaches to 50-65% of the total mass, while density of the fiber increases %15-20. Carbonization process is than conducted on stabilized polymer above 1200 °C in inert atmosphere N or Ar. Ar can be preferred for high carbonization temperatures (2000 °C), due to reactivity of C towards N to form cyanogen. At higher temperatures turbostratic structure converts into graphitic, leading to higher modulus, at an expense of lower strength Pitch as another commercialized precursor, can be produced from petroleum, coal or pyrolyzed polymers. Compared to PAN based CFs, pitch-based CFs exhibit larger modulus (up to 900 GPa), however their tensile strength is average (around 3 GPa). Pitch is melt spun at around 350 °C, forming well-oriented polyaromatic molecules in microdomains. After proper stabilization, as spun fiber leaves the H residues. To reach such high modulus pitch is graphitized around 2000 °C.
Glass Fiber
Glass fiber is one of the cheaper alternatives as a composite reinforcer. It was invented by Russell G. Slayter to be used as an insulation material, which is still (Chen, Cheng, Chen, Zhang, Yang and Wang, 2013) forces (also called cascade spinning) which is utilized for insulation and filtration purposes. Film formers, binders, lubricants, coupling agents, antistatic agents might be coated over to glass surface to enhance integrity, to protect fiber or to further improve properties ("High Strength Glass Fibers", 2019) .
To reduce the spinning temperature and improve drawability various chemicals might be added, which might be removed later (Asobe, 1997) . Glass fibers at higher purity might also be produced from sol-gel based precursors (Sakka and Kamiya, 1982; Kim, Kim and Knowles, 2006) . E-glass which contains less than 1 %wt. alumino-borosilicate is the most common glass fiber, besides there are grades which are stronger (R-and S-Glass) or durable in acidic conditions (ECR-glass). Sglass composites even find applications in aircraft composites. Chemical compositions are prominent features of the commonly used GFs are given in Table 9 . Anderegg (1939) reported that the tensile strength of glass fiber showed increase from 0.7 to 6 GPa, when fiber diameter was reduced to 2.5 μm from 19 μm. However later Otto (1955) showed that it was about the fiber formation procedure rather than the diameter that causes the excessive increase in mechanical properties. No significant effect of diameter was observed after producing the fibers at identical conditions. Cooling rate (Yue, Von der Ohe and Jensen, 2004) , melting history and mechanical stretching (Brow, Lower, Kurkjian and Li, 2009 ) are dominating the process parameters on the morphological and reported mechanical properties mechanical properties of glass fibers; which is universal for all performance fibers.
Glass fiber is the most produced inorganic fiber having wide applications due to its low cost, but there are still concerns about its carcinogenic effects ("Fiber glass" 2019). It was stated to be even more carcinogenic than Eskişehir Osmangazi Üniversitesi Mühendislik ve Mimarlık Fakültesi Dergisi 27(2), 130 -155, 2019 Journal of Engineering and Architecture Faculty of Eskisehir Osmangazi University 27(2), 2019 asbestos (Infante, Schuman, Dement and Huff, 1994) . Up to now glass fiber-based insulation products were installed in millions of houses over the world. However high-performance GFs are used in composites, where the fiber is completely embedded into polymer matrix. The effect will be minimal compared to other applications.
Boron Fiber
Boron fibers or commonly known boron filaments, which were first reported for structural application in 1960, is one of the high strengths and high modulus inorganic materials (Gaule, Breslin, Pastore and Shuttleworth, 1960) . It is amorphous elemental boron in which the halide-process boron filaments can be synthesized by chemical reduction of boron halides such as trichloride (BCI3) or boron tribromide (BBr3) at the surface of a substrate wire like tungsten by hydrogen reduction method in the form of borided tungsten core with amorphous boron. It shows a relatively large diameters of 102-micron and 142-micron ("Boron Fiber", 2014) . It was especially developed to explore new materials for aerospace applications which then utilized as component of different composite materials due to its unique combination of high strength, high modulus and low density (Burningham and Rumpel, 1967) .
Boron filaments are also manufactured using laser assisted chemical vapor deposition (CVD) technique is therefore costlier than graphite. Complex threedimensional helical structures for example amorphous boron fibers and crystalline boron springs can be obtained by the precisely controlling via laser beam and a micropositioning system with the smallest structures is about 1 μm. In this case, the amorphous boron filaments demonstrated improved mechanical properties with the values of modulus of elasticity (MOE) 450 GPa, fracture strain of 3.7% and fracture stress of 17 GPa even if the crystalline boron springs showed moderate mechanical properties (Johansson, Schweitz, Westberg and Boman,, 1992) .
In addition to a wide range of aerospace applications, different specialized applications for boron can be found such as sporting goods applications as a golf club shaft, reinforcement for ceramics, and so on.
Production Techniques of High-Performance Fibers
Dry-Wet Jet Spinning
Rigid rod polymer like PBO, M5 and Kevlar are decomposed at high temperature without melting. So, melt-spinning technique cannot be used for these fibers.
These fibers can be spun via dry-wet jet spinning technique. In this technique, spinning solution is extruded via spinnerets and elongational strain was applied through a tiny air gap, as shown in Figure 34 .
The-spinneret holes have an important role. Under shear strength, the crystal domains turn to be orientated and elongated in the deformation direction. When the polymer solution reaches the tiny air gap, the stretching occurred. It is affected by the draw ratio, which is the ratio of the fiber velocity as it moves out of the coagulation bath to the polymer velocity as it moves out of the spinning (Hearle, 2001) . Wet-Spinning Process (Hearle, 2001) .
Gel Spinning
The creation of highly oriented polyolefin fibers with high mechanical properties can occurred in extended gel spinning process. In this method, ultra-high molecular weight polymers are used to manufacture fibers products. The main point of this technique is to reduce molecular entanglement in the gel and to obtain an efficient stretching of the polymer chains in the flow media.
Ultra-high molecular weight PE fiber (UHMWPE) is produced through the solution/gel spinning technology with an ultra-high draw ratio to get minimal intermolecular entanglements. UHMWPE is synthesized from ethylene with metallocene catalysis polymerization. This method has much more advantages than Ziegler-Natta technique because of getting much higher molecular weight. HMWPE fibers show High mechanical and physical properties, for Eskişehir Osmangazi Üniversitesi Mühendislik ve Mimarlık Fakültesi Dergisi 27(2), 130 -155, 2019 Journal of Engineering and Architecture Faculty of Eskisehir Osmangazi University 27(2), 130-155, 2019 example, high modulus, high strength, low specific weight, high cut and abrasion resistance, high impact resistance, and high chemical resistance. (Xu and Farris, 2007) . Dyneema and Spectra are two popular brand names for the same-based polymer which are very strong fibers. These fibers are produced using gelspinning method via a spinneret to acquire high oriented of UHMWPE. Table 10 demonstrates physical properties of Dyneema SK60, SK65, SK75, SK76 (Afshari et al., 2008) . Table 10 Different Types of Dyneema Mechanical Properties (Afshari et al., 2008) . Smith and Lemstra (1979) revealed in one of the first publications on gel spinning method. They used high molecular weight polyethylene ( ̅ = 1.5x10 6 ) with decalin solvent. Dilute and concentrated solutions were used to spin polyethylene monofilaments. 2 wt. % polyethylenes in decalin at 150 °C was prepared for the dilute solution method. Then, the high viscosity polymer was pumped at 130 o C through capillaries, and these liquid filaments were quenched in cold water which had almost all the decalin. Finally, these as-spun gel fibers were drawn at different drawing ratios in hot air oven at 120 o C under strain rate of 1s -1 . Figure 35 shows stressstrain curve of spun-drawn PE monofilaments solution. As seen, the drawing process has increased the produced fibers mechanical properties with 90 GPa for modulus, 3.0 GPa for strength were reported as the highest values after 32x draw ratios. They also demonstrated that decalin had a slight plasticizing effect to increase the attained draw ratio after removing the solvent in the drawing stage. However, they observed similar mechanical properties at the same draw ratio with and without solvent. (Smith and Lemstra,1979) .
For concentrated solution, 10-50 wt. % of solvent, the fibers did not show the same drawability compared with the fibers spun from dilute solutions. The maximum draw ratio of 5x was observed at the draw temperature of 120 o C. This interesting phenomenon was explained as primarily due to occurred homogeneous and continuous structure of HMWPE in the dilute solution. Furthermore, a substantially smaller number of entanglements were formed when compared with the concentrated solution. This non-uniform structure with a very large number of entanglements for concentrated solution caused to increase numerous defects which led to fracture upon drawing.
Isotactic polypropylene (i-PP) is another common polymer for producing high-performance fibers. It also has significantly higher melting temperature than polyethylene. Researchers have attempted to produce fibers of UHMW i-PP using the gel spinning technique. A high-molecular weight polypropylene has been used (Cebe and Grubb, 1985) to investigate gel-films formation by using 1 % polymer. The hot solutions of i-PP were quenched in decalin to -25 o C, and then left for a few hours. Ultra-drawn dried PP-gels with a draw ratio of 57x had a very close value for the theoretical modulus and strength of polypropylene. In addition, Kavesh and Prevorsek, (1983) disclosed in a US Patent production HPPE and PP fibers. The most preferable molecular weight average of polypropylene used was around 2,000,000 (11 IV), IV represents the intrinsic viscosity of the used polymer that was determined by decalin at 135 o C. A solution of ultrahigh molecular weight of polypropylene was obtained using a relatively nonvolatile solvent. Then, this solution was extruded through an aperture to produce an indefinite length of first gel after exposed to cooling process. The second step provided to form a second gel by the extraction of Eskişehir Osmangazi Üniversitesi Mühendislik ve Mimarlık Fakültesi Dergisi 27(2), 130 -155, 2019 Journal of Engineering and Architecture Faculty of Eskisehir Osmangazi University 27(2), 2019 first gel into a volatile solvent and a low-porosity xerogel was manufactured after drying process of the second gel. Finally, these first, second and/or a combination of gels was drawn to acquire high modulus and high tenacity polypropylene fibers. The drawing process could be applied after the first and second gel formation by a single stage or more than two stages. In general, they applied two or more than two drawing stages and the last stage occurred under temperature between 135-150 o C. A unique type of polypropylene fibers with the tenacity value of at least 8 g/d and a at least tensile modulus of 160 g/d were observed. These PP fibers also demonstrated an elongation at break less than approximately 20 % and the main melting temperature of 160 o C with porosity less about 10 %.
In addition, Chawla (2005) has determined the difference between polyethylene, UHMWPE, and polypropylene fibers for the tenacity and modulus performances. In general, polypropylene does not show a very high modulus and crystallinity as polyethylene fibers that generally could have high modulus and crystallinity. This is because the side groups for polypropylene vs. highly linear polyethylene molecular chains. These bulky side groups prevent to manufacture an orderly arrangement of molecular chains and high degree of crystallinity (Chawla, 2005) .
A Recent Development of High-Performance Fibers from Linear Polymers: Liquid Isothermal Bath
A highly oriented, crystalline and modulus thermoplastic fiber with high tenacity could be produced by the liquid isothermal bath (LIB) process. Dr. Cuculo et al. (1993) developed a new method which related to a melt-spinning process to produce highly oriented and highly crystalline fiber with low shrinkage and high tenacity. A melt-spun fiber pass into a liquid bath was at least about 30 o C above the glass transition temperature. After withdrawing the fibers, they were wound up at speed between 2500-7000 m/min. It was then modified, which is safer, need less capital equipment and energy, and the one of the most important features is the industrially applicable method that is called a novel horizontal liquid isothermal bath (hIB) (Figure 36 ).
In a traditional melt spinning and drawn processes; the molten polymers are forced via spinning pumps through spinnerets to form filaments and then the molten filaments are cooled to achieve solidified filaments, which have low crystallinity, orientation and inferior mechanical properties. They are stretched or drawn in one or more steps to obtain fiber with high oriented polymer chain along fiber axis but during this process low dimensional stability also can be occurred. For the melt spinning that was modified by liquid isothermal bath, the superior mechanical properties, excellent dimensional stability and controlled threadline dynamics can be manufactured with drawing (max DR of 1.5) and annealing processes. It has been found that there is a dramatic increase in the tenacity of the hIB-spun PET (0.97 dL/g) filaments, at a very low draw ratio, 1.28 DR, with the hot-drawn process. The fiber tenacity of 11.39 g/d was observed and the fiber modulus reached 134.9 g/d with take up speed of 3000 m/min at 7.78 for the fiber denier. The similar trend is also recorded for Poly(ethylene naphthalate) (PEN) fibers (Cuculo et al., 1998) by developing a unique precursor morphology. The polymer molecules interact with hIB get a more chance to thoroughly extend, order and orient during the mobile molten state. As a result, a very high degree of oriented crystalline synthetic filament with higher mechanical properties can be produced after very low draw ratios.
In addition to polyester fibers, high-performance as spun and drawn PP and nylon filaments (Avci et al., 2015) are produced by hIB method. After the optimum process conditions were achieved in which for tenacity more than 7.5 g/d and for modulus more than 75.5 g/d for undrawn and after drawing of only 1.49x DR with 120 o C drawing temperature about 197 and 12.21 g/d for the modulus and tenacity, respectively. The elongation at break of the resulted fibers demonstrated 16 % for about 7 denier PP filament although a very low molecular weight of the polymer with melt flow rate of 36 g/10 min was used. PP theoretical modulus is 35-42 GPa, 275-330 g/d, when measured using X-ray techniques with the theoretical strength of 3.9 GPa and 30g/d (Mukhopadhyay et al., 2004) . In this case especially, the modulus value reaches the theoretical value by using this new novel technique. After drawing process of 1.49x DR, thermal properties (Figure 37 ), degree of crystallinity (66.6 %), crystalline and amorphous orientation factors (fc and fa with the value of 0.95 and 0.94, respectively), and the formation of fibrillar structures were obtained. These improved parameters and features even for undrawn treated fibers are clear evidences for developing a unique structure neither utilizing conventional drawing equipment nor using toxic solvents with generating a lot of undesired by-products. 
Recent Developments in Carbon Fiber Production
1 wt.% C nanotubes incorporation into PAN precursor increased tensile strength of resultant C fibers up to 4 GPa in batch processing system. Since the nanotubes were added into dope, homogenous, well oriented distribution was observed after the two-step drawing . Besides addition of CNTs was found to be enhancing chain orientation of PAN, and reducing cross-linking reaction activation energy Kumar et al observed 25% increase in compressive strength and 50% in torsional modulus upon implantation of B into C fibers (Kumar, Anderson and Crasto, 1993) .
Apart from that several studies were concentrated on surface treatment of as prepared C fibers. Wet chemical (Severini, Formaro, Pegoraro and Posca, 2002) , electrochemical (Yue, Jiang, Wang, Gardner and Pittman, 1999) , irradiation by plasma (Wen, Yang, Ou, Wu, Chou, Luo and Chang, 2006) , ion treatment (Ivanov, Gavrilov, Belyh, Ligacheva, Galijeva, Ligachev and Sohoreva, 2007) or grafting (Xu, Wu, Sun, Jiao, Li, Chen and Lu, 2008) are among them where rather than the bulk properties, the largest interfacial strength is intended in composite applications. Besides electrochemical properties of carbon nanofibres was found to be promising for Li ion battery parts (Kim, Yang, Kojima, Yoshida, Kim, Kim and Endo, 2006; Li, Lin, Xu, Yao, Zhang, Toprakci, Alcoutlabi and Zhang, 2012; Wang, Yu, Chen and Chen, 2008) . One of the studies showed that even mechanical properties of carbon nanofibres might be as strong as their micro counterparts. Tensile strength of 3.5 GPa and modulus of 172 GPa have been reported after carbonization at temperatures up to 1700 °C (Arshad, Naraghi and Chasiotis, 2011) .
Recently carbon fibers with different cross-sections were also produced by different groups. Two basic advantages were intended for such modification. Using hollow carbon fibers, it might be possible to reduce carbon fiber density in composites. To our knowledge strongest hollow carbon fibers (tensile strength and modulus of 2.6 and 230 GPa, respectively) were produced by carbonizing hollow PAN fibers spun from a C shaped spinnerette (Liu and Kumar, 2012) . Another advantage might be increase in surface area, which will theoretically increase the total interface with resin. Naskar et al produced C fibers of trilobal, amoeba like and flower contours from PE based precursors. However, their mechanical properties were significantly poor compared to regular CFs (tensile strength of 1.1 GPa and modulus of 103 GPa) (Hunt, Saito, Brown, Kumbhar and Naskaet, 2012) This might be due to nonhomogeneous distribution of Poisson contraction through noncircular geometry. Surface of PE derived C was mainly composed of graphitic structure; whereas porous disordered near the core, which resulted with 3-30-fold higher BET surface area. Most probably surface layer, which is subjected to high shear forces, exhibited ordered structure. Recyclable carbon fiber composite, polyvinyl alcohol (PVA) grafted to single-walled carbon nanotubes (SWCNTs) to improve mechanical properties are some other recent promising strategies (Wang, Ma, Li, Xu, Wang, Yuan, Zhou, You and Zhu, 2019 ; Lee, Clancy, Fernández-Toribio, Anthony, White, Solano, Leese, Vilatela and Shaffer, 2019).
Unfortunately, most of the studies in the academic literature were performed in batch processes, which might be misleading for the conclusion. Applied tension should be maximized (till just before breaking the fiber) through the stabilization and the carbonization stages. Hence one of the requirements of performance fiber production is high orientation which is indispensably ignored during batch processes .
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Future Directions and Concluding Remarks
High modulus and high tenacity fibers offer an interesting arena to fiber manufacturers and scientists to create high performance products with high strength and greater stability. There are so many different types of methods available to produce high modulus and high strength fibers as already been explained in the previous chapters.
With recent development and advances in high performance fibers with widely ranging properties is becoming a more realistic goal to withstand harsh operating environments for a variety of applications such as aerospace, aircraft, airline, medical, automotive, energy, transportation and etc. It could be summarized that high-strength PE, carbon fiber and aramid fiber are the most widely applied in high-strength applications, even if carbon fibers in industrial fields shows the most rapid demand growth in recent years, and in many other technical structural parts such as aerospace and aviation, automobile, sports goods, and etc. in the near future. In the case for high performance PE fiber which has established itself in technical applications because of their very high resistance to chemicals and anticorrosion properties in addition to remarkable mechanical properties, being widely used in specialized applications such as safety protection, sports goods, and so on.
Therefore, they are classified as the different optimized categories. Although Figure 38 compares some different high performance-fibers for their specific modulus versus specific strength, it is hard to draw a conclusion about future directions directly because of widely ranging properties in addition to performance. For example, PAN-based fibers most probably will be used and dominate applications where strength is critical, on the other hand pitch-based fibers will be utilized where heat transfer or stiffness is crucial parameter. Therefore, it is important to choose a high-performance fiber that can maintain its properties to meet the needs of specific applications. Future advances in high performance fibers, as well as in related fields, will require thoughtful integration on conservation of resources and raw materials. In addition, energy use, ecological and economic benefits especially for light-weight structures, priceperformance ratios are some important factors lives up to its true applications potential (Bernhard Jahn, 2014). It lends credence to the statement that in the near future even now the ecological impact of the product is becoming more important than the economic aspects, which will be one of the important the decisive factor that people use for selecting a product for their need.
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